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The Atlantic cod (Gadus morhua) stocks in the Newfoundland-Labrador Shelves (NL)
and Barents Sea (BS) ecosystems have shown divergent trajectories over the last 40
years. Both stocks experienced either an important decline (BS) or a collapse (NL) in
the mid-1980s and early 1990s, respectively. After these population reductions, the BS
stock quickly rebounded and it is currently at record high levels, while the NL stock,
despite showing some improvement since the mid-2000s, remains at low levels. Fishing
and environmental conditions are known to be important drivers of cod dynamics in both
ecosystems, especially the availability of high energy prey like capelin (Mallotus villosus),
however, the question of how different or similar these two stocks truly are remains.
Could, for example, the NL cod stock rebuild if presented to conditions like the ones
experienced by BS cod? To explore such questions, we developed a simple biomass
dynamic model for cod using a bioenergetic-allometric approach. This model includes
fisheries catches and capelin availability as external drivers and was implemented
for both ecosystems. Despite the contrasting trends, the model produced very good
fits, and showed some remarkably similar estimated parameters in both systems. We
explored these similarities by (a) performing the thought experiment of transferring cod
stocks between ecosystems by switching estimated key parameters between models
and comparing the output, and (b) implementing an integrated model architecture which
allowed fitting common parameters for both stocks to evaluate the similarity of key vital
rates. Our results indicate that cod trajectories in NL and BS can be reliably described
using simple bioenergetic-allometric arguments, fishery catches, and capelin availability.
Model parameters that encapsulate intrinsic vital rates were not significantly different
between stocks. This indicates that NL and BS cod stocks are biologically similar, and
that the differences in their trajectories are driven by the ecosystem context in which
these stocks are embedded, and suggests that the NL stock would be expected to
rebuild if enough capelin were available. This also indicates that capelin status and trend
should be an important consideration for effective management of these cod stocks.
Keywords: trophic interactions, predator-prey, ecosystem approach to fisheries, bottom-up regulation, food web
ecology, bioenergetic-allometric model
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INTRODUCTION
The Newfoundland and Labrador Shelves (NL) and the
Barents Sea (BS) are considered typical high-latitude shelf
ecosystems (Figure 1), implying strong seasonality in physics
(e.g., sea ice, temperature) and biological production, high
productivity, and low biological diversity (e.g., Dayton et al.,
1994; Wassmann et al., 2006; Gaichas et al., 2014). Both
regions have marine communities historically dominated by
groundfish, with Atlantic cod (Gadus morhua) as the dominant
fish predator, small pelagic fish like capelin (Mallotus villosus)
and herring (Cuplea harengus) acting as key forage species
by connecting primary and secondary production with upper
trophic levels, and with marine mammals as important top
predators (e.g., Wassmann et al., 2006; Gaichas et al., 2014;
Bernier et al., 2018; Koen-Alonso and Cuff, 2018). The annual
production cycle in both ecosystems is dominated by the
spring bloom, where sea ice dynamics play an important
regulatory role, and characterized by an important bentho-
pelagic coupling (e.g., Wassmann et al., 2006; Thompson et al.,
2008; Bernier et al., 2018).
While similar in many respects, these two ecosystems also
display major physical differences (Drinkwater et al., 2013).
The oceanography of the NL ecosystem is characterized by
the unidirectional north to south flow of the cold Labrador
current, while the BS oceanography is characterized by a more
counter-clockwise flow within its basin, defined by the warm
continuation of the Atlantic current, the Norwegian current,
and inflows from the Arctic (Figure 1). Another important
difference is that, while both ecosystems are showing warming
signals in recent decades, NL has shown a more cyclic pattern
in ocean conditions, with a very cold period in the late
1980s and early 1990s, clear warming trends from the mid-
2000s to the mid-2010s, and a return to average conditions
since (e.g., Colbourne, 2004; Drinkwater et al., 2013; Lind
et al., 2018; Cyr et al., 2020). On the other hand, the BS
ecosystem also experienced a cold period in ocean conditions
in the 1980s but has seen a strong and directional warming
since the mid-2000s. This change has led to a reduction in
the domain of Arctic waters in BS, triggering an expansion
of boreal fish communities and a reduction in Arctic ones
(Fossheim et al., 2015).
Another important contrast between these two ecosystems
is the trajectory and status of their fish communities. Both
ecosystems have a long history of fishing, traditionally targeting
Atlantic cod as the staple catch, but also other groundfish
and pelagic fishes (e.g., flatfishes, capelin, herring). They
both experienced significant fishing pressure to the point
of overfishing resources between the 1960s and 1980s (e.g.,
Hutchings and Myers, 1994; Myers et al., 1996; Lilly et al., 2013;
Koen-Alonso et al., 2013; Haug et al., 2017; Popov and Zeller,
2018; ICES, 2019). The compounding effects of environmental
conditions and fishing led to a regime shift in NL, with the
collapse of groundfish stocks and capelin, and the increase in
shellfish species like Northern shrimp (Pandalus borealis) and
snow crab (Chionoecetes opilio) (e.g., Koen-Alonso et al., 2010;
Buren et al., 2014a; Pedersen et al., 2017; Koen-Alonso and
Cuff, 2018). Today, after experiencing two decades of shellfish
dominance, the NL fish community is showing modest signals
of groundfish rebuilding, likely tied to an also modest capelin
rebuilding, and is still far below its pre-collapse levels (Koen-
Alonso and Cuff, 2018). In contrast, the BS capelin stock typically
displays decadal fluctuation (Gjøsæter et al., 2009; Carscadden
et al., 2013; ICES, 2019). This stock has “collapsed” four times
in the past four decades (mid-1980s, 1990s, 2000s, and 2010s;
ICES, 2020) but it is only the capelin collapse in the mid-
1980s that had major ecosystem consequences. During this
time significant reductions in groundfish abundance, and an
invasion of southern areas by starving harp seals (Pagophilus
groenlandicus) were observed (Haug et al., 1991; Gjøsæter et al.,
2009). Unlike NL, the BS fish community recovered in a few
years after these collapses (Johannesen et al., 2012), and has
built-up record levels of groundfish biomass despite the four
capelin collapses.
Against this backdrop of broader ecosystem change, the cod
stocks in NL and BS have played a central role in defining
these changes, showing very divergent trajectories over the
last 40 years (Cadigan, 2015; ICES, 2018, 2019, 2020; DFO,
2019, 2020). Both stocks experienced either a significant decline
(BS) or a collapse (NL) in the mid-1980s and early 1990s,
respectively. After these important population declines, the
BS stock quickly rebounded and it is currently experiencing
an all times high level (e.g., Bogstad et al., 2015; ICES,
2019). The NL stock, despite showing improvements since
the mid-2000s, continues to be at a low level to this day
(DFO, 2019, 2020).
While there is little question that fishing played a significant
role in the declines of these stock (e.g., Hutchings and
Myers, 1994; Myers et al., 1996; Lilly et al., 2013), current
understanding also indicates that environmental conditions
are important drivers of cod dynamics in both ecosystems,
especially the availability of high energy prey like capelin (Rose
and O’Driscoll, 2002; Buren et al., 2014b; Mullowney and
Rose, 2014; Bogstad et al., 2015). These general similarities,
together with the major differences in their trajectories, beg the
question about how different or similar these two stocks truly
are. Are these different responses more linked to ecosystem
conditions, or are there more intrinsic biological/physiological
differences between these stocks what have allowed BS cod
to rebuild while preventing recovery of NL cod? To explore
these questions, we did a comparative analysis of the NL
and BS cod dynamics using the same modeling framework
for both stocks, and contrasted the results obtained between
ecosystems. More specifically, we modeled the biomass dynamics
using a bioenergetic-allometric approach (Yodzis and Innes,
1992; Koen-Alonso and Yodzis, 2005; Buren et al., 2014b),
and considered the same external drivers for both cod stocks
(i.e., fisheries catches and capelin availability). Furthermore,
we proceeded to imagine transferring cod stocks between
ecosystems by switching estimated parameter between models
and comparing the output. Further, we investigated more
formally the similarities in vital rates between stocks by
implementing an integrated model architecture which allowed
estimating common parameters between stocks.
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FIGURE 1 | Location of the two ecosystems, Newfoundland-Labrador shelves (NL) and Barents Sea (BS) (marked with ellipses), for which cod stocks are being
compared in this study, with indication of major surface currents in the north Atlantic Ocean (AMAP 1998).
MATERIALS AND METHODS
Concept and Modeling Approach
There are many possible ways in which the NL and BS cod stocks
could be compared, from traditional morphometric analyses,
genetics, and reproductive biology, effectively focusing on fish
biological characteristics and traits, all the way to population and
ecosystem modeling analyses focused on the dynamics of the
stocks, and how they have responded to specific combinations of
external drivers and perturbations (e.g., Cole et al., 1991). Our
analysis here follows the latter, but also considers some intrinsic
biological characteristics, more in line with the former, by using
a bioenergetic-allometric rationale to approach model structure
and parameterization (Yodzis and Innes, 1992; Yodzis, 1998;
Koen-Alonso and Yodzis, 2005; Buren et al., 2014b).
The basic premise of this analysis is to describe the biomass
dynamics of each cod stock by fitting the same simple biomass
dynamic model to both stocks and comparing the resulting
model fits and estimated parameters. The model describes the
changes in cod stock biomass as a function of losses through
respiration, density-dependent natural mortality, and harvesting
(i.e., fishing), and gains from consumption of capelin and other
prey. Both capelin biomass and fishery catches are inputs into
the model, serving as external drivers of the cod dynamics. Some
model parameters are fixed using the bioenergetic-allometric
rationale (Yodzis and Innes, 1992; Yodzis, 1998; Koen-Alonso
and Yodzis, 2005; Buren et al., 2014b), while others are estimated


























where Bpt+1is the predicted cod biomass in year t+1, and B
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Ct, and Ht are the observed biomasses of cod and capelin, and
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the cod catch in year t, respectively. This model implementation
assumes a multiplicative process error εt following a lognormal
distribution (the process error assumption is the reason behind
the use of observed cod biomass in year t, Bot , to predict cod
biomass in year t+1, Bpt+1). The parameters in this equation are
either fixed based on the bioenergetic-allometric framework used
or estimated by the model fitting procedure.
The fixed parameters are T, the mass-specific respiration rate
for the stock, and Jmax, the maximum mass-specific ingestion rate
for the stock. Both rates are derived from allometric equations
(Yodzis and Innes, 1992; Koen-Alonso and Yodzis, 2005; Buren
et al., 2014b) and assuming an average individual cod body
mass of 1 kg in NL and 1.23 kg in BS, derived from data
(Buren et al., 2014b; ICES, 2019). The resulting values of T
and Jmax were 2.30 and 8.9 for NL, and 2.18 and 8.44 for
BS respectively. The estimated parameters are e, a, cpr, and
m, which denote the fraction of the ingested energy/biomass
available at the metabolizable level (“assimilation coefficient”),
the functional response coefficient (“attack rate”), alternative prey
biomass (i.e., the “capelin prey replacement”), and the density-
dependent mortality coefficient, respectively, as well as the initial
cod biomass at the beginning of the time series (B0), which is an
initialization parameter, and the standard deviation of the process
error (S).
Some key assumptions embedded in the model structure
are a type 3 functional response for cod, an always available
and constant alternative food source for cod, and a quadratic
density-dependent natural mortality. While these are important
assumptions, they are in line with what we know about
cod, and high trophic level predators more generally (e.g.,
Smout and Lindstrøm, 2007; Kempf et al., 2008; Buren et al.,
2014b). Capelin is a key prey for cod, but is certainly not
the only cod prey, and type 3 is therefore a fairly common
phenomenological emergent form for functional responses
under a diverse range of ecological mechanisms (e.g., prey
switching, prey refuges; Koen-Alonso, 2007). Quadratic
density-dependent mortality is a standard representation
for density-dependent mortality and consistent with
similar modeling exercises (Koen-Alonso and Yodzis, 2005;
Buren et al., 2014b).
The bioenergetic-allometric modeling approach used here has
been previously applied to the study of the main drivers of
NL cod (Buren et al., 2014b). While this analysis builds on
this prior work, the models are different. In contrast to Buren
et al. (2014b), the model used here incorporates alternative
prey, and it is implemented as a discrete model formulation
(instead of using differential equations) assuming a different error
structure (process error in this analysis vs. observation error in
the previous study).
Model Fitting
The model was implemented assuming a multiplicative
lognormal process error as mentioned above (i.e., additive
Gaussian residuals in log scale), and was fitted to data using a
maximum likelihood approach. The model was coded using R
(R Core Team, 2017) and TMB (Kristensen et al., 2016), and the
minimization of the negative loglikelihood was done using the
nlminb function within R.
Considering a process error only formulation effectively
creates a more restricted parameter space during the fitting
procedure, which markedly improves convergence. The
associated cost of this modeling choice is the assumption that
there is no observation error in cod biomass, which is not
correct. While an in-depth examination of model error structure
and assumptions is beyond this study, a quick examination
of the operational implications of different error structures
can help understand the choice made here. Assuming process
error only implies that cod biomass is measured without error,
and that the differences between predicted and observed cod
biomasses for a given year fully reflect real changes driven by
factors not included in the model. On the other hand, assuming
observation error only implies that the differences between
predicted and observed cod biomasses are purely driven by
problems in our way of measuring cod biomass, while effectively
assuming that the model captures all relevant factors that
drive the underlying cod dynamics. A state-space approach
is the most realistic one, assuming that both types of errors
occur, but splitting the variance between the two types of error
requires highly informative and contrasting data. Without
sufficiently contrasting data achieving convergence and/or
reliable parameter estimates within a state-space framework can
be problematic (e.g., Auger-Méthé et al., 2016), and preliminary
explorations using a state-space approach to this analysis showed
convergence problems (i.e., our data is not informative enough
to reliably split the process and observation variances within this
model architecture without imposing additional constrains on
the magnitude of the variances).
The prior study on NL cod using this modeling approach but
considering observation error only estimated that the catchability
coefficient for total biomass was no different than 1 (Buren
et al., 2014b), indicating that scientific surveys typically sample
very well medium to large size fish, which are the ones that
mostly define the total biomass index used as response variable
in the analysis. This indicates that the scaling associated with
the observation process (i.e., catchability) does not appear to
be a substantial issue for the total biomass estimates used here,
and suggests that assuming total biomass survey estimates as
reasonable proxies for total stock biomass does not present major
shortcomings for this analysis. Also, given the simple structure
of the model, it is reasonable to expect that some other factors
not included in the model (e.g., temperature, ocean climate) can
also influence cod dynamics. Therefore, using a process error
only structure would allow considering these other effects on cod,
at least in terms of capturing their influence on the variability
of total cod biomass. Given all these considerations, assuming
process error only emerges as a sensible and practical choice
for this analysis. The adequacy of the model fits was evaluated
using standard procedures like the coefficient of determination
(r2), and the examination of the standardized residuals. In
addition, the consistency of the model predictions was examined
through a retrospective pattern analysis (Mohn, 1999; Hurtado-
Ferro et al., 2015), comparing the model fit obtained for the
full times series, with those obtained by fitting the model to
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subsets of the full dataset obtained by sequentially removing
the data for the terminal year, 1 year at a time. The subsets
considered for this analysis removed (“peeled off”) the last 1–
5 years of data. Mohn’s rho statistic for predicted cod biomass,
calculated as Hurtado-Ferro et al. (2015), was the metric used
for this analysis, and the rules of thumb for this statistic
developed by Hurtado-Ferro et al. (2015) were used to gauge the
consistency/stability of model predictions. These rules of thumb,
developed from age-structure model simulations, indicate that,
for long live species like cod, Mohn’s rho values outside the
−0.15 to 0.2 range are likely indicative of retrospective patterns
in the model (i.e., instability/inconsistency in model prediction
in the terminal year).
Comparisons Between Ecosystems
The evaluation of similarities and differences between NL and
BS cod was done in an iterative way. The first step involved
fitting independent models to each cod stock and evaluating
the ability of the model to describe the cod dynamics, while
comparing the estimated parameter values. If the common model
structure can reasonably describe both NL and BS cod stock
trajectories, the basic idea that both stocks are effectively driven
by availability of key prey (i.e., capelin) and fishing would be
supported. A simple comparison of the estimated parameters
also provides an initial insight on how similar or different the
biology of these stocks may be; some estimated parameters like
the assimilation coefficient (e), and the attack rate (a) would be
expected to be more reflective of the cod biology and behavior
(i.e., more intrinsic to the stock), while others like the capelin prey
replacement (cpr) (i.e., availability of alternative prey) and the
density-dependent mortality coefficient (m) would be expected
to be more influenced by ecological factors associated to the
ecosystem where the stocks are embedded.
Considering this nominal distinction between parameters
intrinsic to the stock, and parameters more associated to
ecosystem conditions, the second step was simply to run these
models with some parameters exchanged between them. For
example, running the NL model using the T, Jmax, e, and a
estimated for BS cod would be a modeling proxy for transplanting
BS cod into the NL ecosystem and seeing how that stock would
have fared under NL conditions (more accurately, it reflects
transplanting the biology and behavioral characteristics of BS
cod). Similarly, running the BS model using these parameters
as estimated from the NL case would approximate how NL cod
would have responded to BS ecosystem conditions.
Finally, a more formal comparison was implemented by
integrating the equations for each stock into a single model
architecture and fitting both models together and simultaneously,
and where the function being minimized in the model fitting
procedure was the sum of the negative loglikelihood from each
of the originally independent models. When this integrated
model is fitted to data assuming fully independent stocks
(i.e., no common parameter values between stocks), the results
are, as it should be, identical to those obtained from the
independent model fits. However, this integrated architecture
permits estimating common parameters for both stocks, which
allows testing hypothesis of similar parameter values between
stocks by using likelihood ratio tests. More specifically, two
hypotheses were compared this way; the first one was that e,
a, and m were common to both stocks, which implies that
basic biological intrinsic parameters and the background density-
dependent natural mortality were similar between ecosystems,
and the second one where only e, and a were assumed common
between stocks, implying that the basic biological and behavioral
characteristics of the two stocks were similar after accounting for
differences in fish body size.
Data
The data used to fit these models were total cod biomass, capelin
biomass, and cod fisheries catches (Figure 2). Data series are
displayed in log scale to facilitate visualization of the dynamics
at both high and low biomass levels. In the NL ecosystem cod
biomass was estimated as the total standard biomass index for
random stratified survey designs calculated from Fisheries and
Oceans Canada (DFO) fall bottom trawl surveys in the Northwest
Atlantic Fisheries Organization (NAFO) divisions 2J3KL for the
period 1981–2017, and where the data for the 1981–1994 period
were adjusted to correct for a change in gear in the research
survey (e.g., Buren et al., 2014b). Capelin availability was obtained
from the DFO spring capelin acoustic survey in NAFO Div. 3L
(Buren et al., 2014b, 2019), and where the gaps (1983–1984, 1993–
1995, 1997–1998, 2006, and 2016) in this time series were filled by
simple linear interpolation (see Buren et al., 2014b), or assumed
similar to a nearby year (1981 assumed similar to 1982). Cod
catches were obtained from DFO and NAFO catch statistics.
In the BS ecosystem cod biomass was estimated using data
from the Norwegian acoustic survey of North East Arctic cod
on the spawning grounds off Lofoten (Korsbrekke, 1997) and the
joint Norwegian-Russian winter bottom trawl survey (e.g., Fall
et al., 2020), which has been conducted annually since 1982 and
1981, respectively. Because the Lofoten survey cover the mature
stock and the winter bottom trawl survey in the Barents Sea
cover the immature stock, the biomass estimates (swept area and
acoustic) derived from these surveys were added in order to get an
estimate of the entire cod stock. The capelin biomass time series
was obtained from the stock assessment report (ICES, 2019).
The timing/season of the different surveys and fisheries were
considered when defining the proper time index for the different
inputs and outputs in the modeling exercise. For example, the
NL cod survey takes place at the end of the calendar year, so it
more closely reflects the cod biomass state at the beginning of the
following year (i.e., the fishing within that calendar year and the
impact of capelin in that calendar year have already impacted the
cod stock at the time of the survey), while this is not the case in
BS. These technical aspects were considered when setting up the
models for each ecosystem.
RESULTS
Model Fit
The results indicate good model fits for the NL and BS
cod stocks (Figure 3). Both models explain more than 80%
of the variance in their respective datasets (r2NL = 0.92 and
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FIGURE 2 | Input time series data (log scale) for cod, capelin, and cod catches used for the Newfoundland-Labrador shelves (NL) (top panel) and Barents Sea (BS)
(bottom panel) cod models. The black dots in the capelin time series in NL represent the interpolated years (see text for details).
r2BS = 0.81), and show reasonable distributions of the residuals
(Figure 4). Most residuals are contained within the one
standard deviation envelope; the only ones departing beyond
that are the negative residuals for NL cod in 1992–1994,
which correspond to the aftermath of the stock collapse;
even these residuals are contained within two standard
deviations. Both models show high stability/consistency in
their predictions (Supplementary Appendix), with Mohn’s
rho values (NL: 0.025, BS: −0.014) well within the range
associated with no retrospective pattern problems (−0.15 to
0.2), indicating that there is stability/consistency in the terminal
year predictions.
While the underlying structure is simple and uses basic
representations of core biological/ecological rates (i.e.,
respiration, food consumption, mortality), the model is still
capable of adequately describing two very contrasting stock
trajectories, indicating that the key processes and drivers that
define cod dynamics are reasonably captured by the model
structure and consistent between the NL and BS ecosystems.
Several of the parameters related to intrinsic factors of the
stocks (i.e., species biology and behavior), like the assimilation
coefficient, and attack rate, have very similar estimated values in
both models, while those parameters more related to extrinsic
factors (mortality coefficient, process error) show more clear
differences between models (Table 1). This indicates that both
stocks respond to the drivers considered (capelin availability and
fishing) in very similar ways, and the differences in cod trajectory
between NL and BS are more associated to external factors
(i.e., ecosystem conditions, fishing) than intrinsic biological
differences between the stocks.
Comparisons Between Ecosystems
The similarity in the estimated values for parameters more
associated with intrinsic factors (i.e., cod biology and behavior),
prompts the question of how these stocks may have responded
if exposed to each other’s ecological contexts. We explored
this thought experiment by switching some parameters between
models and observing how different the predicted trajectories
were. More specifically, switching the parameter values for T,
Jmax, e, and a between models allows characterizing the response
to drivers in one ecosystem with the key biological/behavioral
traits of the cod stock from the other ecosystem, while
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FIGURE 3 | Model fits (log scale) for the Newfoundland-Labrador shelves (NL) (blue line) and Barents Sea (BS) (red line) cod stocks and 95% confidence intervals
(shaded areas). These fits correspond to fully independent stocks (i.e., no common parameters between stocks).
FIGURE 4 | Standardized residuals for the Newfoundland-Labrador shelves
(NL) (blue dots) and Barents Sea (BS) (red dots) cod models assuming fully
independent stocks (i.e., no common parameters between stocks).
keeping the original estimates for the remaining parameters
(and data) represents the ecosystem context in which the
“switched stock behavior” is being embedded. This exploration
approximates the thought experiment of putting NL cod in the
BS ecosystem, and vice versa.
The results of this exploration indicate that the BS cod would
have been expected to collapse if exposed to the conditions in
the NL ecosystem, while the NL cod would have been expected
to rebuild in the more favorable conditions of the BS ecosystem
(Figure 5). Still, this simple exploration also suggests that the
larger sized cod from BS would have sustained a larger biomass
in the pre-collapse period and recovered better than NL cod did
in the NL ecosystem, while NL cod showed more severe declines
and weaker increases in the BS ecosystem than BS cod did in its
own system (Figure 5). As thought provoking and informative
as this exploration can be, it remains illustrative. A more
statistically sound approach is needed to further investigate
these observations.
A formal evaluation of the similarities and differences in
parameter values between stocks was done using likelihood ratio
tests based on an integrated implementation of the NL and
BS cod models. This architecture allows estimating parameters
simultaneously for both stocks and implementing restrictions
in model parameters (i.e., estimating common/shared parameter
values for both stocks). Within this approach, the estimation of
parameters assuming fully independent stocks correspond to a
general model, while estimations assuming common parameter
values between stocks correspond to a restricted version of the
general model, and hence, the adequacy of likelihood ratio tests
for this analysis.
Two hypotheses were evaluated using likelihood ratio tests.
The first one considered that intrinsic parameters (e and a) and
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TABLE 1 | Estimated parameters and goodness of fit for the general integrated model, assuming fully independent NL and BS cod stocks (no common parameters
between stocks), and the restricted model assuming similar intrinsic biological traits between stocks (common a and e parameters).
Model scenario
Independent NL and BS cod stocks (no common
parameters)
Similar intrinsic biological characteristics between






Initial biomass: B0 (kt) 1669.0 (1096.8) 953.0 (238.0) 1575.9 (1064.6) 953.0 (238.9)
Assimilation coefficient: e
(dimensionless)
0.365 (0.031) 0.386 (0.014) 0.385 (0.012)
Attack rate: a (kt−2) 0.00011 (0.00011) 0.00019 (0.00025) 0.00011 (0.00008)
Density-dependent natural mortality
coefficient: m (kt−1)
0.00048 (0.00012) 0.00027 (0.00004) 0.00054 (0.00008) 0.00026 (0.00004)
Capelin prey replacement: cpr (kt) 353.25 (205.93) 358.91 (307.35) 323.34 (142.82) 515.88 (235.37)
Standard deviation of process error:
S (dimensionless)
0.505 (0.059) 0.250 (0.030) 0.508 (0.059) 0.250 (0.030)
Model fit (r2) 0.92 0.81 0.92 0.81
Joint negative loglikelihood 28.31 28.70
The standard deviation of the estimates is given in parentheses.
FIGURE 5 | Exploration of the thought experiment of transferring NL cod (blue line) into the Barents Sea (BS) ecosystem and BS cod (red line) into the
Newfoundland-Labrador shelves (NL) ecosystem by switching intrinsic parameters (T, Jmax, e, and a) of the corresponding models between areas (see text for
details).
a key extrinsic parameter (m) were common to both stocks;
the second one corresponded to only the intrinsic parameters
being similar between stocks. The results show that the first
hypothesis (common e, a and m) can be rejected, but not the
second one (common e, and a) (Table 2). The “common e and
a” model explained as much as the independent stocks model
(r2NL = 0.92 and r
2
BS = 0.81), and did not show any indication
of potential retrospective pattern problems (Mohn’s rho values of
0.013 for NL and −0.013 for BS, see Supplementary Figure A1).
This indicates that there is no support in the data for assuming
differences in the intrinsic parameters e and a between stocks,
suggesting a common scaling of the corresponding vital rates
with body size, and no significant improvement in model fit
from assuming fully independent stocks (Figures 3, 6). These
results imply that the basic biology and behavior of NL and BS
cod stocks, at least as summarized by these model parameters, is
similar, while the differences in stock trajectory are driven by the
ecosystem context in which these stocks are embedded.
DISCUSSION
Understanding how ecosystems respond to change, and the
underlying mechanisms behind these responses, are not just
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TABLE 2 | Test of hypothesis for common parameters between the NL and BS cod models using likelihood ratio tests.
Negative loglikelihood
Hypothesis General model Restricted model Degrees of freedom χ2 p-value
I. Both intrinsic biological traits and key extrinsic
factors are similar between stocks (common
parameters: a, e, m)
28.31 32.86 3 9.098 0.028
II. Only intrinsic biological traits are similar
between stocks (common parameters: a, e)
28.31 28.70 2 0.774 0.679
The general model assumes that the two cod models have no common parameters.
FIGURE 6 | Model fits (log scale) for the Newfoundland-Labrador shelves (NL) (blue line) and Barents Sea (BS) (red line) cod stocks and 95% confidence intervals
(shaded areas). These fits correspond to the model assuming a and e as common parameters to both stocks.
fundamental questions in ecology, but also key practical
questions in our pursuit for more sustainable ways of
managing renewable natural resources (e.g., Fogarty, 2014; Link,
2017; Koen-Alonso et al., 2019). Within fisheries, ecosystem
approaches are slowly but surely complementing and broadening
the scope of traditional single species management frameworks
(Fogarty, 2014; Link, 2017; Koen-Alonso et al., 2019). At the core
of these transitions is the recognition that, beyond the direct
effects of fishing, changes in ecosystem conditions play a major
role in defining stock responses and trajectories (e.g., Cushing,
1982; Glantz, 1992; Koen-Alonso et al., 2010; Fossheim et al.,
2015; Dempsey et al., 2017; Pedersen et al., 2017; Koen-Alonso
and Cuff, 2018).
Given the complexity of natural ecosystems, elucidating what
are the main drivers of ecosystem change, and understanding
the mechanisms behind these changes, are often approached
using comparative analyses (e.g., Cole et al., 1991; Megrey
et al., 2009; Murawski et al., 2010; Bundy et al., 2012; Gaichas
et al., 2012; Holsman et al., 2012). These studies typically
involve using similar methods in different ecosystems, different
analytical and/or modeling approaches applied to a single
ecosystem, or some combination of the two (Murawski et al.,
2010; Mantzouni et al., 2010). The basic premise behind these
comparative approaches is simple; those conclusions that remain
valid across ecosystems and/or methodological approaches are
more likely to be robust and reliable. It separates the ecological
chaff from the wheat.
While studies of NL and BS cod dynamics typically take
demographic approaches (i.e., age structured population models)
(e.g., Shelton and Lilly, 2000; Cadigan, 2015; Rose and Walters,
2019; ICES, 2019, 2020), our study relies upon a bioenergetic-
allometric framework (Yodzis and Innes, 1992). This theoretical
approach is one of the pillars of the metabolic theory of ecology,
which has proven useful in describing general ecological patterns,
ecosystem organization, and dynamics (e.g., Gillooly et al., 2001;
Brown et al., 2004; Brose et al., 2008; Brose, 2010; Schramski
et al., 2015). A fundamental feature of this approach is the basic
concept that metabolic rates scale allometrically with individual
body mass (Peters, 1983; Yodzis and Innes, 1992; Gillooly et al.,
2001), which helps simplifying model parameterization, but more
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fundamentally focuses on physiological constraints expected to
be shared across species and/or levels of biological and ecological
organization (Yodzis and Innes, 1992; Brown et al., 2004; Vasseur
and McCann, 2005; Brose, 2010; Schramski et al., 2015).
Our results provide further support of the utility of this
general theoretical approach to ecological functioning and
organization. The commonality found in key model parameters
associated with intrinsic traits of the stocks indicates that NL
and BS cod are more similar than different in their basic
functional biology once accounting for variation in body size
(i.e., reflecting the differences in size structure between stocks),
while their differences appear more associated to factors related
to the specific ecosystem conditions experienced by each stock.
Furthermore, these models explain a large fraction of the variance
in cod biomass (Table 1), suggesting that the basic relationships
and external factors considered here are sufficient to characterize
the key processes that regulate the dynamics of these stocks.
Capelin availability and fishing are common and important
drivers of cod dynamics in NL and BS (e.g., Rose and O’Driscoll,
2002; Lilly et al., 2013; Buren et al., 2014b; Kjesbu et al., 2014;
Mullowney and Rose, 2014). While excessive fishing has been an
historical problem for both stocks (Lilly et al., 2013; Cadigan,
2015), important declines in BS cod and the collapse of the NL
stock have occurred at times of capelin collapses, while stock
build-ups often follow from improvements in capelin (Figure 2).
After its collapse in the early 1990s, the NL cod stock showed
consistent signals of rebuilding only after modest increases in
capelin started to be observed in the mid-2000s (Buren et al.,
2019). In the intervening years, the forage species pool in the NL
ecosystem was dominated by northern shrimp, which constituted
the main prey in cod diets (Dawe et al., 2012; Mullowney and
Rose, 2014). In terms of nutritional quality, northern shrimp has
lower energy density than capelin, and thus, a shrimp dominated
diet is expected to impose additional energetic constraints to
the scope for growth of the NL cod stock (Lawson et al., 1998;
Rose and O’Driscoll, 2002; Sherwood et al., 2007; Dawe et al.,
2012; Buren et al., 2014b; Mullowney and Rose, 2014). Another
way of looking at this question is by considering the ratio of
capelin availability to total food availability derived from the




, as a coarse
approximation to the proportion or energy coming from capelin
vs. other sources in year t. While the distribution of these capelin
ratios indicate that both stocks show an important reliance on
capelin as prey, they also indicate that NL cod, which is the stock
that has yet to rebuild, has derived a lower fraction of energy
from capelin than BS cod has over the time periods considered in
this study (Figure 7). These differences in capelin ratios are also
generally consistent with the proportions of capelin observed in
the diet compositions of cod in these ecosystems (e.g., Dawe et al.,
2012; ICES, 2018).
While BS cod showed an important decline in the 1980s which
was associated to both fishing and a capelin collapse (1985–1989),
the next three capelin collapses observed in this ecosystem (1993–
1997, 2003–2007, and 2014–2016) did not trigger comparable cod
declines (Gjøsæter et al., 2009; ICES, 2020). The likely reason
behind this difference, in addition to lower fishing mortalities,
especially during the last two capelin collapses (the level of cod
FIGURE 7 | Box plots of the annual capelin ratios (i.e., the fraction of capelin
in relation to total food availability for cod derived from model results) in the
Barents Sea (BS) and Newfoundland-Labrador shelves (NL) ecosystems.
These ratios correspond to the model assuming a and e as common
parameters to both stocks, and can be interpreted a coarse approximation to
the proportion of energy that cod derives from capelin in each ecosystem.
fishing mortality in the mid-late 1990s was comparable to the one
in the 1970s and early 1980s) (Lilly et al., 2013), is that during
the most recent capelin collapses, suitable prey replacements
for capelin were available in BS; herring, polar cod (Boreogadus
saida), and juvenile fishes (0-group) remained abundant in these
periods, while if we consider herring and polar cod as indicators,
this alternative prey pool was also low during the 1980s capelin
collapse (Eriksen et al., 2011, 2017; Jelmert et al., 2020).
These differences in availability of alternative prey to capelin
appear reflected in two ways in the model results. The BS model
has a slightly higher cpr estimate than the NL model (Table 1),
suggesting a somewhat higher average biomass of alternative
prey in the BS ecosystem than in the NL ecosystem. However,
this difference is rather marginal and it also dependents on
how comparable the capelin estimates truly are between NL
and BS. The capelin estimates used here are both derived from
acoustic surveys (Buren et al., 2019; ICES, 2019), and reliably
reflect the relative changes in capelin level, but they are not
intended to be precise estimates of absolute biomass. In our work
here, these estimates are assumed to be good indicators of the
order of magnitude of the capelin biomass level, and in this
sense, comparable enough between ecosystems for the use given
within these models. The fact that estimates of cpr are similar
for both ecosystems, but nominally larger for BS, is consistent
with this assumption about the capelin indices, and with the
expectations of a better alternative prey availability in BS in
comparison to NL (e.g., Eriksen et al., 2011, 2017; Buren et al.,
2019; Jelmert et al., 2020).
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The other result that can also be interpreted as evidence of
better foraging conditions in BS is the lower density-dependent
natural mortality coefficient estimated for BS cod (Tables 1, 2).
If low prey availability is an issue, poor cod condition would
be on average more prevalent, and expected to increase the
odds of dying by natural causes, chiefly starvation, but also
through increased susceptibility to diseases, and predation. This
could also affect reproductive performance (e.g., reduced egg
quality, quantity, and/or survival). All these factors, in the context
of the simple model structure used here, are expected to be
reflected in a larger m, and this is what was found for NL cod
(Tables 1, 2).
This result is also consistent with available observations.
During the collapse, the NL cod showed clear signals of reduced
condition, especially in the northern areas (NAFO divisions
2J3K) (Buren et al., 2014b; Morgan et al., 2018), providing
compelling evidence that food availability was a likely factor in
the stock collapse. Condition signals improved by 2006–2012, a
period when the stock was starting to show signals of rebuilding
and capelin was showing modest improvement, and while the
role of condition (and related mechanisms) in limiting stock
growth at present remains a matter of debate (Morgan et al.,
2018), there is little question that the stock has experience low
productivity since the collapse (Shelton et al., 2006; Sherwood
et al., 2007; Fudge and Rose, 2008). On the other hand, despite
its considerable stock size, the BS cod has not displayed any
sign of starvation in the past decades, in contrast to some of
its competitors (e.g., Durant et al., 2014; Bogstad et al., 2015),
however, this appears to be changing because the growth of
juvenile cod has dropped much in 2020 (Bogstad pers. comm.)
suggesting reduced feeding conditions.
The above interpretation of m is consistent with the
expectations from differences in the prey field between these
ecosystems (i.e., natural mortality mainly driven by bottom-
up processes), but the role of predation by marine mammals
is a frequent argument put forward to explain high natural
mortality and/or lack of recovery in cod stocks (e.g., Hansen
and Harding, 2006; Trzcinski et al., 2006; Swain and Benoît,
2015; Swain et al., 2015). On this issue, the evidence on the
role of marine mammal predation in controlling cod stocks
does not paint a uniform picture. Studies on the likely causes
for the lack of recovery of the cod stock in the southern Gulf
of St Lawrence, Canada, have found that predation by gray
seals (Halichoerus grypus) is the most likely driver (Chouinard
et al., 2005; Benoît et al., 2011; Swain and Benoît, 2015), and
predation by harp seals can become a factor for cod recovery in
the northern Gulf of St. Lawrence under certain environmental
conditions (Chassot et al., 2009; Bousquet et al., 2014). On the
other hand, an examination of this issue in BS focused on harp
seal and minke whale (Balaenoptera acutorostrata) predation
concluded that marine mammals were more likely to influence
BS cod through competition for food than predation (e.g., Øigård
et al., 2013; Bogstad et al., 2015). In the case of NL cod, a
direct examination of harp seal predation, capelin availability,
and fishing as drivers concluded that in contrast to capelin
availability and fishing, seal predation was not a significant
driver of the dynamics of NL cod (Buren et al., 2014b). The
importance of marine mammal predation in controlling cod
dynamics appears to be ecosystem-specific, and likely dependent
on the history of the ecosystem and prevailing environmental
conditions. In the case of NL and BS cod stocks, predation by
marine mammals does not appear to be a major driver, with our
results further supporting that prey availability in general, and
capelin availability in particular, together with fishing, are the
dominant factors in controlling their dynamics.
These results are also relevant in a practical sense. After the
collapse of the NL cod stock, a commercial fishing moratorium
was established in 1992, which has remained in place since.
In practice this has implied that the NL cod fishery has been
essentially restricted to a stewardship fishery and a recreational
fishery for the past three decades (Lilly et al., 2013; Cadigan,
2015; DFO, 2019, 2020). Notwithstanding this moratorium the
NL stock has not recovered, but it has been showing signals
of rebuilding since 2006 (Buren et al., 2014b; Cadigan, 2015;
DFO, 2019, 2020), and the start of this recovery coincided with
a modest improvement in the availability of capelin (Buren
et al., 2014a, 2019). In recent years the role of capelin and
food availability is becoming a frequent topic of discussion in
NL cod stock-assessments (e.g., DFO, 2020), and the current
assessment-model for NL cod allows for time-varying natural
mortality (Cadigan, 2015), but the model projections used for
advice provision are not capelin-informed (DFO, 2019), and the
management framework for the stock does not explicitly account
for capelin level (or any other explicit ecosystem consideration) as
a control lever. Fisheries and Oceans Canada (DFO), the federal
department in Canada responsible for fisheries management, is
formally committed to the adoption of ecosystem approaches,
but implementation on the ground remains patchy and limited.
Even though many scientific assessments do include and discuss
ecosystem effects (e.g., DFO, 2020), most stock-level decision-
making management frameworks to date remain traditional
single-species approaches. While work toward implementation
of ecosystem approaches in DFO is ongoing, our findings here
emphasize the importance for this transition to gain momentum
by making evident that management and rebuilding plans for
NL cod would benefit from formally incorporating capelin as an
explicit factor in these plans.
In contrast, the size of the capelin stock has been part of
the decision-making process for the management of the BS cod
fishery since 1989–1990, after the Total Allowable Catch (TAC)
for BS cod was significantly reduced in response to the collapse of
capelin and low availability of other forage species (Lilly et al.,
2013). Since then, reference points for BS cod have been set
conservatively to accommodate for ecosystem conditions. Both
environmental and biological factors have for many years been
included in predictions of cod recruitment (ICES, 2020). Cod
cannibalism and its inverse relationship with capelin abundance
is one important factor affecting cod recruitment (e.g., Yaragina
et al., 2009, 2018). More generally, considerations of trophic
interactions and their impacts on important stocks like cod,
haddock, and capelin, and their incorporation into stock-
assessment and/or strategic models, have been in operation in
fisheries decision-making frameworks in the BS since the 1990s
(Howell and Bogstad, 2010; Bogstad and Filin, 2011).
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CONCLUSION
The NL and BS cod stocks have shown very contrasting
trajectories over the past 40 years; the NL cod stock collapsed
in the 1990s and has not recovered despite a long lasting
commercial fishing moratorium, while the BS cod stock has
rapidly recovered after an important decline in the late 1980s
and 1990’s, and has increased to record high levels in the 2010s.
These differences have been attributed to the impacts of fishing,
and to changes in stock productivity linked to ecosystem and
environmental conditions.
This analysis supports this general perspective. It shows
that simple bioenergic-allometric models, accounting for capelin
availability and fisheries catches as drivers, can adequately
describe the biomass dynamics of both stocks. Furthermore,
this study shows that basic biological and behavioral traits
appear similar between the stocks, implying that NL cod would
be expected to recover under favorable ecosystem conditions,
namely sufficiently large availability of capelin, while BS cod
would be expected to decline if low availability of capelin and low
alternative prey occur simultaneously, as was the case in the 1980s
and, to some extent in the 1990s.
These clear dependencies between predator and prey further
emphasize the need to address ecosystem interactions in the
context of fisheries management. While specific details are
expected to be case-dependent (i.e., type of interaction, data
availability), decision-making management frameworks need to
formally and explicitly incorporate ecosystem interactions more
broadly. Paradoxically, the widespread overfishing of the past
meant that controlling fishing was often enough to reverse
declining stock trajectories; we had made fishing the dominant
driver of many exploited fish stocks. As we reduce fishing
pressure and learn to fish more sustainably, the importance
of ecosystem factors as regulators of stock productivity and
its variability over time becomes more prominent. Sustainable
fisheries are no longer just about which level of fishing pressure
is acceptable, but also how that level may need to change
when ecosystem conditions and interactions change. This also
implies that fishing on multiple interacting stocks requires
explicit management of the emergent trade-offs between the
corresponding fisheries. To no one’s surprise, these are basic
tenets of ecosystem approaches (e.g., Fogarty, 2014; Link, 2017;
Koen-Alonso et al., 2019), and their implementation is never
simple nor easy (Koen-Alonso et al., 2019). However, in a
world rapidly changing due to climate change, it is not only
important to implement ecosystem-based management, it is
rather urgent too.
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